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Abstract

Metabonomics has been applied into many bio-related scientific fields.
Nevertheless, some animal researches are proved to be failed when they are extended
to human beings. Therefore it’s essential to figure out suitable animal modeling to
mimic human metabolism so that animal findings could serve human beings. In this
study, two kinds of commonly-selected body fluids (serum and urine) from human
being and various experimental animals were characterized by integration of NMR
spectroscopy with multivariate statistical analysis to identify the interspecies
metabolic differences and similarities at a baseline physiological status. Our results
highlight that dairy cow and piggy may be an optimal choice for the transportation
and biodistribution study of drug and KM mouse model may be the most effective for
the excretion study of drug, while SD rat could be a most suitable candidate for
animal modeling under overall consideration. The biochemical pathways analyses
further provide inner connection between genetic evolution and metabolic variations,
where species evolution” most strongly affects microbial biodiversity, and
consequently takes effects on the species-specific biological substances biosynthesis
and corresponding biological activities. Knowledge of the metabolic effects from
species difference will enable the construction of better models for the disease

diagnosis, drug metabolism and toxicology research.
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Introduction

With increasing frequency of application of metabonomics in the bio-related
fields such as disease early detection, drug metabolism and toxicology research [1-3],
it is necessary and important to characterize and compare the metabolic similarities
and dissimilarities between humans and various laboratory animals in the control and
baseline status so that the results from animal models could serve the human beings.
Animal modeling does help human beings to understand the mechanism of the disease
development, drug screening and some other biological functions before the research
can be extended to clinical application. Among a great amount of animal models,
some are successful and they represent excellent agreement with human studies and
thus exert a positive impact on human community [4, 5]. Unfortunately, it is a fact
that some animal models fail when their results are used in the human body.
Therefore it is vital to-select the proper types of experiment animals to improve the
chance of success for extension of the findings from animals to the human.

Usually, the primary concerns about the animal selections focus on the
experimental budget, research objects, the availability of the animal and some other
reality factors such as environment facility control [6] in the traditional animal
experiments. Further, a few researchers would think about the similarity of some
certain immune reaction between animals and the human from the genetic level and
analyze the animal order when considering animal selection [7]. But these
considerations often lack the fundamental basis from the metabolite level and further

experimental validation although it is very important in the metabonomics-based
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studies. Commonly, the objective animals in the modeling construction will be among
mouse, rat, rabbit, piggy, guinea pig, fish, canine, ferine and rhesus monkey [8]. The
animal species should be chosen according to the purpose of mimicking drug
stimulation, disease processes and gene function well in the humans, and it is quite
necessary to characterize the baseline physiological variations and ensure the
boundaries of metabolic normality between human being and different-animal species
in order to be confident of and accurately understand drug- or. disease-induced
response. Considering the above facts and the fact that serum and urine samples are
the mostly used biological samples in metabonomics study, we collected the serum
samples from various species including human, dairy cow, guinea pig, KM mouse,
piggy and SD rat and the urine samples from human, Balb/c mouse, KM mouse,
rabbit, SD rat and Wistar rat to characterize and interpret the metabolic and
biochemical correlations of interspecies by NMR spectroscopy.

The NMR spectrum of a biological sample enables the simultaneous
identification” and monitoring of hundreds of low molecular weight endogenous
metabolites, thus providing a biochemical profile of an organism [9]. However, the
NMR resonance of some metabolites may be overlapped with each other, which will
lead the difficulty in analyzing the metabolite of interest. Multivariate statistical
analysis facilitate the comparison of NMR spectra of serum or/and urine of human
and animals, enabling the establishing of variations in metabolic profiles and
highlighting their metabolic relations at metabolite level [10]. Thus metabonomic

method based on information-rich NMR spectroscopic data can be used to evaluate



normal physiological variations and similarity and further understand their evolution
relations between human beings and laboratory animals [11]. Therefore in this paper,
we try to compare the metabolic similarity and dissimilarity between human and these
commonly used experimental animals to study their metabolic and evolution relation
at the baseline status by using NMR-based metabonomics. The purpose of this study
is to identify the most suitable animal model for the bio-related especially

metabonomics-related research community.

Materials and methods
Animals and biofluid sample collections

The animal study protocol was in accordance with the Guidelines for the Care
and Use of Laboratory Animals of ‘the Chinese Animal Welfare Committee and
approved by the Ethical and Research Committee of Xiamen University. The healthy
experimental animals including rats, mouse, guinea pig and rabbit were obtained from
Xiamen University Laboratory Animal Center, and piggies and dairy cows were
obtained from Shanghai Biotree Biotechnique Co. Ltd. Animals were allowed to
acclimate for at least one week before initiating experiment. As two characteristic
biofluids that are easily collected and the most frequently used in metabonomic
analysis, serum and urine were collected respectively from human beings and
laboratory animals. The serum samples were collected from dairy cow, guinea pig,
Kunming [3] mouse, piggy and Sprague-Dawley (SD) rat (n=8), respectively. And the
urine samples were collected from Balb/c mouse, KM mouse, rabbit, SD rat and

Wistar rat (n=8), respectively. The serum and urine samples of human being were
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selected from our previous work [12]. The animals and human beings were fasted
overnight before collecting serum samples and all the urine samples were collected
between 8-12 am to avoid metabolic changes caused by the circadian rhythms.
Preparation of biofluid samples

Serum samples were prepared by mixing 400 pL of serum with 200 pL-of a 90
mM phosphate buffer (pH 7.4) in 0.9% deuterated saline solution. The serum-buffer
mixture was centrifuged at 10000 rpm under the condition of 4°°C for 10 min. And
then 550 pL of the supernatant was transferred into a 5 mm NMR tube.

Urine samples were prepared by mixing 400 pL. of urine with 200 pL of 1.5 M of
deuterated phosphate buffer (NaH,POs and K;HPOs, containing 0.05% of TSP
(sodium 3—(trimethylsily1)—2,2,3,3—2H4 propionate), pH 7.4). The urine-buffer mixture
was left to stand for 5 min at room temperature and then centrifuged at 10000 rpm at
4 °C for 10 min to remove suspended debris. The supernatant (550 pL) was then
transferred into a 5.mm NMR tube.

'"H NMR spectroscopic analysis

The serum or urine samples were analyzed randomly using proton (‘"H)-NMR
spectroscopy, respectively. All spectra of the serum samples were acquired at 298 K
on a Varian INOVA-600 NMR spectrometer (operating at 599.92 MHz for 'H)
equipped with an inverse detection probe with a shielded Z-gradient. And all spectra
of the urine samples were analyzed at 298 K using a Bruker AMX-600 spectrometer
equipped with a TXI CryoProbe operating at 600.13 MHz.

NMR spectra of the serum samples were acquired using a water-suppressed



Carr-Purcell-Meiboom-Gill (CPMG) spin-echo pulse sequence (cpmgt2pr)
(RD-90°-(1-180°-1),-Acq). Spin-echo loop time (2nt) of 70 ms was applied with a
relaxation delay 2.0 s. A total of 96 transients were collected into 16384 points over a
spectral width of 8,000 Hz. A standard one-dimensional spectrum using the first
increment of the NOESY pulse sequence (RD-90°-£,-90°-14-90°-Acq) with water
suppression (noesyprld) was acquired for the urine samples. The spectra were
acquired with a relaxation delay of 2.0 s at a fixed interval ¢ of 4 ps. The water
resonance is irradiated during relaxation delay and the mixing time 7, of 100 ms. A
total of 96 transients were collected into 16384 data points with a spectral width of
12000 Hz.
NMR spectral processing

The NMR spectra were processed by using MestReNova (V7.1). All free
induction decays (FIDs) were multiplied by an exponential weighting function with a
1.0 Hz line broadening factor prior to Fourier transformation. All of the 'H-NMR
spectra were ‘then phased by manual correction and baseline corrected by using the
“Bernstein Polynomial Fit” method with a respective polynomial order for the
purpose of best baseline correction effect. 'H-NMR spectra of serum and urine
samples were respectively referenced to the internal lactate CHjz resonance at 1.33
ppm and the single peak of TSP at O ppm. After the above operation, the chemical
shift ranges including the resonances from water and urea were manually removed to
eliminate baseline effects of imperfect water signal and urea signal. The spectra over

the ranges of 0.5-9.0 ppm for serum samples and 0.5-10.0 ppm for urine samples were



integrated automatically into regions with equal width of 0.005 ppm. The integrated
data were finally normalized to the total area of the NMR spectrum to compensate for
the overall concentration differences before statistical analysis.

Multivariate statistical analysis

Multivariate statistical analyses were performed by using SIMCA-P* software
(version 11.0.0.0, Umetrics, Sweden). Principal component analysis (PCA) was
initially carried out by using a par-centered approach for both serum and urine
samples to examine class clustering and find possible outliers. The samples were
visualized by using the principal component (PC) score plots, where each point
represented an individual sample.

After PCA, orthogonal partial least square discriminant analysis (OPLS-DA) was
separately applied to the samples from human being and animals with unit-variance
(UV) scaling to identify metabolic differences between them. The interpretation of
each model was facilitated by a back-transformation of the loadings incorporating
color-coded ‘correlation coefficients of the metabolites responsible for the
discrimination. The coefficient plots were generated with MATLAB(version
7.7.0.471) scripts with some in-house modifications and were color-coded with the
absolute value of coefficients (r). In the plots, a hot color (i. e., red) corresponds to the
metabolite being highly different between classes, while a cool color (i. e., blue)
corresponds to no obvious differences. In our case, the correlation coefficient of | r | >
0.900 was used as cutoff value for the close relation based on the discrimination

significance at the level of p=0.05. To check the validity of the models and avoid the



over-fitting, the OPLS-DA models were evaluated by 8-fold cross-validation
parameters R” and Q” and random permutation tests (permutation number = 200) of
the corresponding PLS-DA models. The R* values describe how well the data fit with
the derived models, whereas Q” values describe the predictive ability of the derived
models and provide a measure of the model quality. The random permutation test is a
way that challenges a model by using multiple misclassifications to decide whether a
model could have been developed by random chance. Accordingto the overview plots,

some pretty important messages could be dug out.

Results and discussion

Overall metabolic profiles of serum and urine from human and different

laboratory animals

Various physiological factors, such as differences in gender, age, rearing history,
hormonal status, geographic origin and alterations in physical space, diurnal variation,
diet, rate of metabolism, as well as stress, will take influences on the metabolic
profilesof “experimental animals [13], however the effects of inter-species or
inter-strains play a vital and most distinguishing role in the variations of biofluids
composition. Thus the difference at the level of gene expression inevitably causes the
proteomic especially metabonomics changes.

Serum and urine are the most commonly used and easily collected biological
fluids in metabonomics study especially for the clinical use. All kinds of metabolites

containing in serum and urine from healthy laboratory animals could reflect various



intrinsic physiological factors such as genetic drift, well-being, hormonal differences,
and rate of metabolism [14].

In this study, we selected a representative NMR spectrum from each kind of
animals and human and demonstrated their serum and urinary profiles in Fig.1.
Resonance assignments were performed according to the related literature [15;16, 17]
and confirmed by public (Human Metabolome Database V3.0, see www.hmdb.ca)
and in-house developed NMR databases. The assignable metabolites. were marked in
the spectra to give a direct visual comparison of metabolic profiles between human
and the different animals.

The typical NMR spectra of serum obtained from dairy cow, KM mouse, piggy,
SD rat, guinea pig, and human were demonstrated in Fig.1A. And the NMR spectra of
urine obtained from Balb/c and KM mouse, rabbit, SD and Wistar rat, and human
were demonstrated in Fig:1B: From the comparison, although the spectral profiles of
the same biofluids from difference species or strains were broadly similar, some
obvious differences were observed in certain spectral regions among them. For
example, the spectra of serum from human and dairy cow contained similar
resonances from various metabolites, however, higher levels of acetate, creatine, and
phenylalanine were observed in dairy cow serum. Similarly, the spectra of urine from
same species but different strains (such as Balb/c and KM mouse, SD and Wistar rat)
showed remarkably similar profiles, but obvious differences were also visible in the
spectra, for example, KM mouse was characterized by higher levels of homogentisate
and phenylacetylglycine and lower levels of butyrate than Balb/c mouse, while higher
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levels of N-methylnicotinamide were observed in Wistar Rat than SD rat.

Obviously visual comparison could not provide too much information on the
similarity and difference between human and various animals, and multivariate
statistical analysis will be helpful to give more details of metabolic information on

species variations.

Interspecies differences and similarities in serum and urine profiles via PCA

analysis

The principal components analysis (PCA), an unsupervised pattern recognition
technique, decreases the original super-dimension data matrix to a nearly
no-side-effect level such as 2D or 3D to establish new component axis called
principal components (PCs) containing as much information as the original data [18].
PCA is very commonly used to see data sets with multiple descriptors, such as
genomics and metabonomics. The spectral data from biological samples can be
visualized by plotting the PC score. In the PCA score plot, the closer spatial distance
between two classes, the closer their biochemical relation.

In our case, PCA was performed on NMR data of serum and urine samples from
6 different kinds of animals. The scaling for PCA is par method which is denoted as

equation below

X, — X,
par =—— (1)
J

Where X XS, respectively denote the original matrix data, column mean value

and column standard deviation value. By such scaling, the data will be centred and
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standardized which suggests the small signals will have the same projection
importance with the strong signals. The metabolic relation can be obtained from the
PCA score plot, and in our work the first three primary components contain 78.2%
and 53.5% original data information for serum and urine samples, respectively.
According to the 3D PCA score plot of serum (Fig.2A), it is clear enough that the
piggy, dairy cow, and rat have a relatively closer space distance with the’human being,
which implied that they have closer metabolic similarity. And the order of space
distance from animals to human being (Fig.2A) was in accordance with the animal
selection in traditional animal modeling. This result conformed to the previous related
result in genetic research that the piggy and rodents, rat for instance, have many close
connections with the human being during the human evolution history [19; 20].
However, in the 3D PCA score plot of urine (Fig.2B), KM mouse, Balb/c mouse, and
SD rat, instead of the piggy, dairy cow and rat, have a relatively closer distance with
the human being.

The PCA score plot (Fig.2) based on the serum and urinary NMR spectral data
from various species illustrated not only the similarities between species but also the
degree of inter-species variation in serum and urine metabonomes. By metabonomic
analysis in a 3D reduction of original biological data (Fig.2), it comes to the
conclusion that the dairy cow, pig and rat have the most similar metabolic control
profiles of serum to the humans, while KM and Balb/C mouse and SD rat are the most
similar to the humans in the urinary baseline metabonomes, which indicate we should
choose the proper animals according to the different research aim. For example, dairy

12



cow and piggy may be an optimal choice for the transportation and biodistribution
study of drug, and KM mouse model may be the most effective for the excretion study
of the drug. Notwithstanding that, SD rat could be a more proper and suitable
candidate for animal modelling as the possible replacement of human being at
metabonome level in metabonomic research if taking general factors including
metabolic relations, experimental budget, animal availability, daily administration,

laboratory facility and easier handling of animals into account.
Metabolic variations between different species

To get a deeper understanding of the significant variations and similarities
between different species, orthogonal partial least square discrimination analysis
(OPLS-DA), a supervised method, was constructed on the NMR data of selected
pair-wise species. Based on the genetic differences, the OPLS-DA score plots (left
panels in Fig.3) give a clear separation of serum (Fig.3A) and urine (Fig.3B
metabonomes between different species or strains, and the corresponding loading
plots (middle and right panels in Fig.3) offer an insight into the types of metabolites
responsible for the separation. And the significant species-discriminating metabolites
corresponding to these pair-wise groups are tabulated in Table S1 in the supplemental
materials. To check the validity of the models and avoid the over-fitting, the
OPLS-DA models were evaluated by 8-fold cross-validation parameters R? and Q’
and random permutation tests of the corresponding PLS-DA models. The parameters
of R’X, R’Y and Q’ (Fig.3) and the results of permutation tests (Fig.S1 in the

supplemental materials) suggested that all the models are valid and robust enough,
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implying that genetic difference plays an important role in differentiating species.

Nine species pairs (human-mouse, human-rat, human-piggy, mouse-rat,
rat-guinea pig from serum metabonomes and Balb/c mouse-human, rabbit-human,
Wistar rat-human and KM mouse-human from urine metabonomes) and two strain
pairs (KM mouse-Balb/c mouse and SD rat-Wistar rat from urine metabonome) were
selected from the serum and urine metabonomes in order to get the detailed metabolic
information of species variations. A higher correlation coefficient of more than 0.900
(i. e. a high correlation) was set as the cutoff value for the statistical significance to
achieve the metabolic pathways highly related with species variations. As shown in
Fig.3, the metabolites marked on the positive direction of the loading plots represent
that these metabolite levels are higher in the groups located in the positive direction of
first PCs in the score plots, and vice versa. For example, serum metabonome of rat
was highlighted by higher levels of lactate, glucose, creatine and methionine and
lower levels of N-acetylglycoproteins (NAS), N, N-dimethylglycine (DMGQG),
phosphocholine (PC), glycerol, 3-hydroxybutyrate, myo-inositol, methanol, ethanol,
formate, some lipids and amino acids including glutamate, glutamine, histidine,
leucine; tyrosine and valine compared with that of human being (Fig.3A). Higher
level of N-acetylglutamate [1] and lower levels of methylmalonate,
N-methylnicotinamide (NMN), phenylacetylglycine (PAG), betaine, ethanolamine
and taurine were presented in the urine metabonome of SD rat than that of Wistar rat
(Fig.3B).

Metabolic pathways involved in species variations and species evolution

14



Pathways of these differential metabolites were analyzed using KEGG database.
According to the KEGG pathway analysis, these metabolites in the serum
corresponding to pair-wise species differences were basically involved in microbial
metabolism in diverse environments, biosynthesis of biological substance such as
secondary metabolites, amino acids, alkaloids and aminoacyl-tRNA; ABC
transporters, protein digestion and absorption, and carbon metabolism and carbon
fixation pathways (Table 1A). Some specific amino acids, carboxylic acid
metabolisms and degradation were also involved in the different pair-wise species, for
example, the differences in glycine, serine and threonine metabolism and degradation
of aromatic compounds were demonstrated in the serum metabonomes of human and
mouse, and the difference in glyoxylate and dicarboxylate metabolism was shown in
the serum metabonomes of human and piggy, while more specific variations in
metabolic pathways, including arginine and proline metabolism, alanine, aspartate and
glutamate metabolism, and glyoxylate and dicarboxylate metabolism, were displayed
in the serum metabonomes of rat and guinea pig.

With the help of KEGG database, the metabolic pathways for the above 6
pair-wise species models could be also derived from their differential metabolites in
the urine metabonome (Table 1B). Similarly, almost of all species variations involved
in microbial metabolism in diverse environments except the model between SD rat
and Wistar rat. The most obvious differences were found in the human-rabbit species
pair, in which many metabolic pathways were affected including biosynthesis of
secondary metabolites, ABC transporters, carbon metabolism and carbon fixation,

15



alanine, aspartate and glutamate metabolism, glyoxylate and dicarboxylate
metabolism, and degradation of aromatic compounds, whereas minor difference in
metabolic pathways were observed between human and mouse (including KM mouse
and Balb/c mouse), and SD rat and Wistar rat. And surprisingly, major differences.in
metabolic pathways were found between KM mouse and Balb/c mouse, which-include
biosynthesis of biological substance including secondary metabolites-and alkaloids,
carbon fixation pathways, degradation of aromatic compounds, and a series of amino
acid metabolisms such as phenylalanine metabolism, tyrosine metabolism, and
alanine, aspartate and glutamate metabolism.

Although the differentiated metabolites' are involved in a good number of
biological pathways in the pair-wise animals we concerned, the most primary
variations are microbial metabolism in diverse environment and biosynthesis of
secondary metabolites except the model of SD rat and Wistar rat (Table 1B). It’s
obvious that the metabonome from different species demonstrated species-specific
levels of the metabolites associated with microbial environment and animal evolution
[21]. Given the diversity in animal species found from the different evolution
background, their distinct microbial communities suggest a different biological role in
animal development [22]. Further, secondary metabolites are unevenly distributed in
diverse microbial environment and seem closely associated with their biological
activity that endows the producer with increased fitness at the stage of species
evolution [23]. The characteristic secondary biosynthetic pathways and biosynthesis

of other species specific biological compounds such as amino acids, alkaloids and
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aminoacyl-tRNA should be consistent with their evolution in the different
environmental challenges [24]. Consequentially, the need of energy and nutrients (e. g.
carbon) in such challenges will definitely involve carbon metabolism and carbon
fixation as demonstrated in Table 1B [25]. It should be realized that metabolic
similarity between Wistar rat and SD rat and KM mouse and Balb/c mouse (Fig.3B
and Table S1B) are closely correlated with their evolution background [26, 27].
Especially, the metabolic differences between SD rat and Wistar rat have not involved
microbial metabolism in diverse environment and biosynthesis of secondary
metabolites, implying the cultivation and continuity from Wistar to SD rat [28].

The metabolic variations of different animal species also include ATP-binding
cassette transporters (ABC transporters) and protein digestion and absorption (Table
1). They are correlated with providing energy and utilizing the energy of ATP to
transport a wide variety of substrates across extra- and intracellular metabolic
products, lipids and sterols [13, 29, 30, 31]. Consequently, species specific amino
acids and carboxylic acids metabolisms and degradation are induced (Table 1). These
species specificity suggests that distinctive biological and chemical reactions may be
of recent origin. The diversity of products may reflect many roles for which specific

biological compounds have been selected at their recent origin and evolution.
The correlation coefficients of metabolites and species variations

In the Table S1 in the supplemental materials, the correlation coefficient of | r | is
an indicator used as statistical significance [32]. The positive and negative

coefficients indicate relatively increasing or decreasing levels of the corresponding
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metabolites in one species group compared with another one. Thus in a model, the
lower the coefficient is, the less statistical significance the metabolites behaves in the
discrimination. In another word, if the species pair has a relatively closer metabolic
relation, the corresponding coefficient of those metabolites should be relatively lower.
However, as demonstrated in Fig.4A, not the coefficient of any a metabolite in serum
is greater from human-mouse than from human-rat although the metabolic variation
between mouse and human is larger than that between rat and human as displayed in
Fig.2A. According to Fig.4A, the coefficient line in the H-R model is not lower than
in the H-M model completely, but overall, the coefficient line still shows us that the
metabolic difference in human-mouse model is larger than in human-rat model. It
should be more reasonable and effective to use the summed value of coefficients
corresponding to all metabolites as a criterion parameter to sort the models.
Accordingly, it comes to the conclusion that rat and piggy have a closer relation with
human beings in serum metabonome than mouse and further, rat is closer to human
than piggy (Fig.4B). Meanwhile summation of coefficient value in M-R model is
close to that in R-G model (Fig.4B), which represents the species variations between
mouse-and rat are similar with those between rat and guinea pig. This conclusion
complies with the space distance relations in metabolic profile (Fig.2A).

The same strategy was employed to the urine metabonomes of species pairs. The
MB-H and MK-H models display a relatively small summed coefficient |r| values
(Fig.4C), which means Balb/c mouse and KM mouse have a close connection with
human beings compared with Wistar rat and rabbit. A relative small but close

18



summation of coefficient between SD rat-Wistar rat and Balb/c mouse-KM mouse
were observed (Fig.4C), which implies a less intra-species metabolic variation and
similar inter-strain metabolic difference.

We understand that the metabolic profiles of animal can be changed by many
external factors, but variations based on intrinsic genomic factors, i. e. the difference
in animal strains or species are generally much more than the variationsin response to
external stress. We got to accept that there are some weaknesses in this work. First,
the number of each species is not great enough to get an exact comparison, however,
we chose a higher cutoff value (here is 0.900) for the statistical significance based on
the discrimination significance at the level of p=0.05 (Table S1 in the supplemental
materials) in order to get accurate and detailed discriminating information. Second,
the sum processing algorithm for | r I in every model seems a bit simple, but there are
some valuable clues to get the related biological significance rather than space
distances of different species. It should be appreciated that this is only a gross result to
study the metabolic difference and similarity of different species, however, our results
based on the analysis of multivariate statistical analysis and biochemical pathways
analysis provide insight into which species evolution most strongly influence
microbial biodiversity, and further, it will be helpful to select a suitable modeling

animal in the bio-related research community especially metabonomics-related ones.
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Figure Legends

Fig.1. 600 MHz 'H NMR spectra of serum (A) and urine (B) obtained from different laboratory
animals and human. The aliphatic region (in the dashed box) was respectively magnified 20 (for
serum) or 8 times (for urine) compared with corresponding aromatic region for the purpose of
clarity. Keys: 1-MH: 1-Methylhistidine; 2-HB: 2-Hydroxybutyrate; 3-HB: 3-Hydroxybutyrate;
AA: Acetoacetate; AC: Acetylcholine; Ace: Acetate; Aco: cis-Aconitate; Act: Acetone; AD:
Acetamide; AH: Aminohippurate; Ala: Alanine; All: Allantoin; Alt: Allantoate; BA: Bile acid; Ben:
Benzoate; Bet: Betaine; Bu: Butyrate; Cit: Citrate; Cn: Creatinine; Cr: Creatine; DG:
Deoxyguanosine; DHM: 3,4-Dihydroxymandelate; DHT: Dihydrotyymine; DMA: Dimethylamine;
DMG: N, N-Dimethylglycine; EA: Ethanolamine; Eth: Ethanol; For: Formate; G: Glycerol; GA:
Guanidoacetate; GABA: gama-Aminobutyrate; Gln: Glutamine; Glu: Glutamate; Gly: Glycine;
GPC: Glycerolphosphocholine; HG: Homogentisate; HIB: 2-Hydroxyisobutyrate; Hip: Hippurate;
His: Histidine; IB: Isobutyrate; Ile: Isoleucine; IP: Isopropanol; IV: Isovalerate; Kg:
a-Ketoglutarate; KV: 2-Ketoisovalerate; L1: LDL, CHs-(CH»),-; L2: VLDL, CHs-(CHy),-; L3:
LDL, CH;-(CHy)n-; LA4: VLDL, CHsz-(CHa)n-; LS: Lipid, -CH,-CH,-C=0; L6: Lipid,
-CH,-CH=CH-; L7: Lipid, -CH,-C=0; L8: Lipid, =CH-CH,-CH=; L9: Lipid, -CH=CH-; Lac:
Lactate; Leu: Leucine; Lys: Lysine; M: Malonate; m-HPA: meta-Hydroxyphenylacetate; m-I:
myo-Inositol; MA: Methylamine; Met: Methoinine; MG: Methylguanidine; MM: Methylmalonate;
Mth: Methanol; NAG: N-acetylglutamate; NAS: N-acetyl glycoprotein signals; NMN:
N-Methylnicotinamide; o-HPA: ortho-Hydroxyphenylacetate; OA: 3-Oxoadipate; OAc:
Oxaloacetae; OAG: O-acetyl glycoprotein signals; p-HPA: para-Hydroxyphenylacetate; PAG:
Phenylacetylglycine; PC: Phosphocholine: Phe: Phenylalanine; Py: Pyruvate; SB: Sebacate; Suc:
Succinate; Tau: Taurine; Thr: Threonine; TMA: Trimethylamine; Tri: Trigonelline; Trp:
Troptophan; Tyr: Tyrosine; U: Unknown; Uc: Urocanate; Val: Valine; Xan: Xanthine; o-Glc:
a-Glucose; B-Glc: B-Glucose

Fig.2. 3D score plots to compare the metabolic profile of human and different-specie/strain
laboratory animals based on the NMR data of serum (A) and urine (B) metabonomes.
Abbreviation: D: dairy cow, H: human, M: mouse, P: piggy, R: rat, G: guinea pig, M-B: Balb/c
mouse, M-K: KM mouse, Ra: rabbit, R-S: SD rat, R-W: Wistar rat

Fig.3. OPLS-DA score plots (left panel) and the corresponding coefficient loading plots (middle
and right panels) derived from NMR data of serum (A) and urine (B) obtained from different
pair-wise groups. H: human, M: mouse, R: rat, P: piggy, G: guinea pig, M-B: Balb/c mouse, M-K:
KM mouse, Ra: rabbit, R-S: SD rat, R-W: Wistar rat. Peaks in the positive direction indicate
metabolites that are more abundant in the group in the positive direction of first principal

component, and vice versa. Keys for the assignments are shown in the Fig. 1

Fig.4. The comparison of metabolic variations among different pairwise species. (A) The
comparison of correlation coefficient of each metabolite in serum between human-mouse and
human-rat; (B) Overall coefficient of the metabolites in serum from different pairwise species; (C)

Overall coefficient of the metabolites in urine from different pairwise species
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Table 1. The involved pathways corresponding to metabolic differences in serum (A) and urine (B)

(A) Serum

between pair-wise species

Pair-wise species

Metabolic pathway

Human-Mouse

Human-Rat

Human-Piggy

Mouse-Rat

Rat-Guinea pig

Microbial metabolism in diverse environments (9/40%)
Biosynthesis of biological substance including secondary metabolites (7/40),
amino acid (6/40) and aminoacyl-tRNA (5/40)

ABC transporters (7/40)

Protein digestion and absorption (6/40)

Carbon metabolism (5/40)

Other specific amino acid metabolisms (4/40) and degradation (4/40)
Microbial metabolism in diverse environments (7/30)
Biosynthesis of biological substance including secondary metabolites (6/30),
amino acids (5/30) and aminoacyl-tRNA (5/30)

ABC transporters (6/30)

Protein digestion and absorption (5/30)

Carbon metabolism (4/30)

Other specific amino acid metabolisms (6/30)

Microbial metabolism in diverse environments (10/35)
Biosynthesis of biological substance including secondary metabolites (8/35),
amino acids (7/35) and aminoacyl-tRNA (5/35)

ABC transporters (5/35)

Protein digestion and absorption (5/35)

Carbon metabolism (7/35)

Other specific carboxylic acids metabolisms (5/35)

Microbial metabolism in diverse environments (6/32)
Biosynthesis of biological substance including secondary metabolites (5/32),
amino acids (5/32) and aminoacyl-tRNA (4/32)

ABC transporters (4/32)

Protein digestion and absorption (5/32)

Other specific amino acid metabolisms (4/32)

Microbial metabolism in diverse environments (8/27)
Biosynthesis of biological substance including secondary metabolites (6/27),
amino acids (4/27) and alkaloids (4/27)

Carbon metabolism (6/27) and carbon fixation (5/27)

Other specific amino acid (9/27) and carboxylic acids (5/27) metabolisms

(B) Urine

Pair-wise species

Metabolic pathway

Balb/c
mouse-Human
Rabbit-Human

Microbial metabolism in diverse environments (2/5)
Other specific amino acids metabolism (4/5)
Microbial metabolism in diverse environments (9/20)
Biosynthesis of secondary metabolites (4/20)
ABC transporters (4/20)

Carbon metabolism (6/20) and carbon fixation (4/20)
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Other specific amino acids (9/20) and carboxylic acids (4/20) metabolisms
and degradation (4/20)
Wistar rat-Human Microbial metabolism in diverse environments (4/17)
Biosynthesis of secondary metabolites (2/17) and alkaloids (8/17)
Carbon metabolism (3/17) and carbon fixation (3/17)
Other specific amino acids (2/17) and carboxylic acids (3/17) metabolisms
KM mouse-Human Microbial metabolism in diverse environments (4/9)
Protein digestion and absorption (1/9)
Carbon fixation (1/17)
Other specific amino acids metabolism (6/9) and degradation (3/9)

KM mouse-Balb/c Microbial metabolism in diverse environments (6/15)
mouse Biosynthesis of secondary metabolites (3/15) and alkaloids (5/15)
Carbon fixation (2/15)
Other specific amino acids metabolism (13/15) and degradation (6/15)
SD rat-Wistar rat ABC transporters (2/7)

Other specific amino acids metabolism (2/7) and degradation (1/7)

* The ratio of metabolites involved in any a metabolic pathway to all the significant metabolites

corresponding to the species difference.
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